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We report field and temperature dependent measurements of the thermoelectric power (TEP)
and the Nernst effect in the itinerant metamagnet UCoAl. The magnetic field is applied along the
easy magnetization c-axis in the hexagonal crystal structure. The metamagnetic transition from the
paramagnetic phase at zero field to the field induced ferromagnetic (FM) state is of first order at
low temperatures and becomes a broad crossover above the critical temperature T ⋆M ∼ 11 K. The
field-dependence of the TEP reveals that the effective mass of the hole carriers changes significantly
at the metamagnetic transition. The TEP experiment reflects the existence of different carrier types
in good agreement with band structure calculations and previous Hall effect experiments. According
to the temperature dependence of the TEP, no Fermi liquid behavior appears in the paramagnetic
state down to 150 mK, but is achieved only in the field induced ferromagnetic state.
The study of the quantum phase transitions (QPTs)
in intermetallic strongly correlated electron systems such
as the transition from an antiferromagnetic (AF) ordered
state to a paramagnetic (PM), or from a ferromagnetic
(FM) to PM ground states has motivated a large variety
of experimental and theoretical studies recently [1–3]. In
the case of an AF instability, the restoration of a PM
ground state at the QPT is often induced by applica-
tion of pressure or magnetic field [4]. For FM materials
at zero magnetic field the phase transition from PM to
FM states changes from second order to first order at
finite temperature before collapsing at the critical pres-
sure pc [5]. Furthermore, the FM domain is extended
above pc through the FM wings under external magnetic
field [6–8]. These three FM first order planes define the
location of the tricritical point at which the first order
FM-PM transition ends up. A recent example is the
FM compound UGe2 which at zero magnetic field has
a tricritical point at pc ∼ 1.46 GPa [9]. Under magnetic
field the FM wings have been identified and they collapse
at a quantum critical end point (QCEP) located around
pQCEP ∼ 3.5 GPa and H ∼ 16 T [7, 8].
Here we focus on the paramagnetic 5f system UCoAl
which is located on the proximity of a FM quantum crit-
ical point, but the critical pressure from the FM to PM
state is expected to be negative, pc ∼ −0.2 GPa [10]. At a
magnetic field HM ∼ 0.7 T along the easy magnetization
axis c for T → 0 K, a first-order metamagnetic transi-
tion from the PM to a FM ground state occurs [11]. The
spontaneous field-induced magnetization is near 0.3µB/U
in the FM state [12, 13], much smaller than the effective
moment from the Curie Weiss law above 30 K (1.8µB/U)
indicating the itinerant character of the 5f electrons [14–
16]. The first order transition line HM (T ) of this Ising
type material terminates at a critical end point (CEP)
with H⋆M ∼ 1.0 T and T
⋆
M ∼ 11 K. Above this CEP a
crossover regime appears [10]. It is worthwhile to notice
that for p < pc the ground state of UCoAl may not be a
pure FM state as it crystallizes in the hexagonal ZrNiAl-
type structure (space group P 6¯2m) with lack of inver-
sion symmetry [17]. In this structure the U ions are in
a triangular coordination forming a quasi-kagome´ lattice
within the a-b plane. Thus an helical magnetic structure
with a very short ordered wave vector, as e.g. the one for
MnSi [18, 19], can be expected due to the Dzyaloshinsky-
Moriya interaction.
In order to study in detail the electronic properties of
UCoAl we performed precise thermoelectric power (TEP)
experiments, extending previous measurements [20] from
T = 4 K down to 150 mK. We carefully analyzed the
TEP in the different field and temperature regimes of
the (T,H) phase diagram in order to draw the signature
of HM (T ) below the CEP (H
⋆
M , T
⋆
M ) and of the PM-FM
crossover domain above the CEP. TEP measurements far
above the Fermi liquid regime of the PM phase show that
the ratio S/T (TEP divided by temperature) has a rela-
tive stronger drop compared to the jump of the specific
heat C/T at HM . Our results allow us to estimate the
field variation of S/T at very low temperatures and thus
to give a key comparison of the interplay between thermal
transport and thermodynamic properties.
Single crystals of UCoAl were grown by the Czochral-
ski method in a tetra-arc furnace. The residual resistiv-
ity ratio of the studied crystals is around 10. Two bar-
shaped samples from the same batch are cut by spark-
cutter and oriented by X-ray Laue diffractometer display-
ing very sharp spots. TEP measurements were performed
applying the magnetic field along the c-axis and thermal
gradients along the a-axis (transverse case) and c-axis
(longitudinal case).
The measurements are performed at low temperatures
down to 150 mK and under magnetic fields up to 5 T. All
data shown are obtained by sweeping the field upwards.
Seebeck and Nernst coefficients, were measured using a
“one heater and two thermometers” setup. Thermome-
ters and heater are thermally decoupled from the sample
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FIG. 1. (Color online). T dependence of the TEP S(T ) at
different magnetic fields, a) for transverse and b) longitudinal
thermal flow configurations. S drops drastically at the meta-
magnetic transition and TCoh defined as the maximum of S,
marks the entrance in the low temperature electronic regime
where a Fermi liquid state is expected. c) and d) T depen-
dence of the TEP divided by temperature S/T , for transverse
and longitudinal configuration, respectively. For both config-
urations, S/T continues to increase down to 170 mK in the
PM state for H < H⋆M (0) and gets constant above H
⋆
M (0) in
the FM state.
holder by manganin wires.
Figures 1a) and b) show the temperature dependence
of the TEP (S) at constant field for the transverse and
longitudinal configurations, respectively. The entrance in
a low temperature domain where a Fermi liquid state is
expected, is achieved below the temperature TCoh defined
as the maximum of S(T ) in the transveral and a change
of slope in the longitudinal configurations as indicated in
Fig. 1a) and b). Figures 1c) and d) show the temperature
dependence of S/T for J ‖ a and J ‖ c configurations,
respectively. At H = 0, a continuous increase of S/T is
observed down to the lowest temperature for both config-
urations. For the transverse configuration, the increase
of S/T is more pronounced and seems to diverge to low
temperatures. From the strong increase of S/T on cool-
ing at a constant field H < HM (0) it is clear that at least
down to 150 mK, a constant S/T Fermi-liquid regime is
not observed [21], neither for the longitudinal nor for the
transverse configuration. By contrast for H > HM (0), a
Fermi-liquid behavior is observed in the temperature de-
pendence of S/T . The non-Fermi liquid behavior in the
low field regime is also confirmed in resistivity measure-
ments down to 50 mK (not shown). Previous resistivity
experiments above 2 K reported in [22] showed a T 3/2
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FIG. 2. (Color online). Isothermal TEP measured as a func-
tion of increasing magnetic field at different temperatures in
a) transverse and b) longitudinal configurations. The inset of
panel 2a) indicates the location of the metamagnetic transi-
tion lines: HM (1
st order transition), Hm (crossover); the two
arrows delimit the broadness of the crossover. The inset of
panel 2b) shows the field dependence of the TEP at the lowest
temperature ∼ 170 mK for J ‖ a and J ‖ c configurations.
dependence in the PM state while a Fermi liquid T 2 de-
pendence occurs in the high field FM state. Similar be-
havior had been found in MnSi under high pressure. In
that case, the resistivity has a T 2 dependence only in the
ordered phase (p < pc) while for p > pc ∼ 1.4 GPa a T
3/2
is observed over a large pressure range in the low field do-
main [23, 24]. This unusual temperature dependence of
the resistivity in MnSi has been attributed to a partial
ordering observed in neutron scattering. It is interesting
to notice for further pressure experiments on UCoAl that
in MnSi up to P ∼ 3pc, the T
3/2 dependence seems a ro-
bust pressure property of the low field ground state[24].
The very low temperature transport properties of UCoAl
point at the formation of an exotic PM phase. This may
be related to the peculiar quasi-kagome´ lattice structure
in this compound which can give rise to frustration as it
has been stressed e.g. for YbAgGe [25].
Figure 2 displays the isothermal TEP S/T (H) as func-
tion of increasing field H for the a) tranverse and b) lon-
gitudinal configurations. The inset in Fig. 2 a) shows
the determination of the 1st order transition at HM and
of Hm (crossover) as well as the width of the crossover
regime for J ‖ a indicated by the arrows. The critical
30.0 0.5 1.0 1.5 2.0 2.5
-5
-4
-3
-2
-1
0
 5.5K
 7.5K
 11.5K
 13.6K
 16.9K
 18.9K
 21.0K
 (
V
K
-1
T-
1 )
H (T)
FIG. 3. (Color online). Isothermal Nernst coefficient, ν as a
function of increasing field H . ν(H) presents an abrupt step
at HM for T < T
⋆
M which becomes at T > T
⋆
M a pronounced
minimum. This minimum broadens as the temperature in-
creases in agreement with the increase of the broad crossover
regime as shown in the phase diagram, see Fig. 4.
field of the samples used for the transversal configuration,
HM = 0.75 T, is slightly higher than that used for longi-
tudinal configuration where we find HM = 0.7 T. In both
configurations, at the metamagnetic transition a strong
hysteresis between up and down sweeps of the magnetic
field due to the first order nature of the transition has
been observed (not shown). The width of this hysteresis
increases towards low temperatures (e.g. 40 mT at 0.85 K
and 70 mT at 0.25 K for J ‖ a).
In order to estimate the discontinuity of S(H) through
the metamagnetic transition (HM ), we represent in the
inset of Fig. 2b) the field dependence of S/T at the low-
est temperature achieved (170 mK) for both configura-
tions. For J ‖ c, S/T is almost field independent on both
sides of HM while for J ‖ a in the PM phase S/T de-
creases with H below HM and becomes constant above
HM . This different behavior of S/T is clearly associated
with the quite unusual strong increase of S/T preserved
at H = 0 T for J ‖ a. For J ‖ a, the drop of S/T as
function of field at T = 170 mK is at least 2.8 µVK−2 at
HM while for J ‖ c it is 2 µVK
−2. The step of the spe-
cific heat coefficient (γ = C/T ) is only 15mJmol−1K−2
decreasing from γ(H < HM ) ∼ 75 mJmol
−1K−2 to
γ(H > HM ) ∼ 60 mJmol
−1K−2 [10, 20]. The relative
drop in the TEP is 68 % and 100 % for J ‖ a and J ‖ c
configurations, respectively, while it is only 20 % for γ.
In Fig. 3, the Nernst coefficient ν = N/H is plotted
as a function of magnetic field for temperatures around
T ⋆M . The Nernst coefficient is almost constant at low
magnetic fields which is consistent with the normal re-
sponse of the Nernst effect in a PM state under magnetic
field. At the metamagnetic transition for T < T ⋆M , the
Nernst coefficient presents a sharp increase attributed to
the presence of an anomalous Nernst effect (ANE)[26–
28]. The transition becomes a pronounce minimum for
T > T ⋆M which broadens as the temperature increases.
The broadening range is consistent with the phase dia-
gram determined by the TEP measurements (see Fig. 4).
The observation of an anomalous Hall effect (AHE) is
well known in ferromagnets [29]. It is the appearance of
a spontaneous Hall current flowing parallel to E × M,
where E is the electric field and M the magnetization.
Karplus and Luttinger (KL) proposed that the AHE cur-
rent is originated from an anomalous velocity term which
is nonvanishing in a ferromagnet [30]. The topological na-
ture of the KL theory has been of considerable interest
recently [31]. Similarly, the Nernst signal is also sensitive
to the anomalous velocity term generating a dissipation-
less thermoelectric current, i.e. an anomalous Nernst ef-
fect. The abrupt change of the Nernst signal in UCoAl at
HM is similar to the anomaly observed in the Hall signal
attributed to the AHE. Moreover the negative sign of the
ANE is in good agreement with previous measurements
of ANE e.g. in the ferromagnet CuCr2Se4−xBrx [32].
The anomalies observed in the temperature and field
dependence of the TEP are displayed in the (T,H) phase
diagram shown in Fig. 4. From the temperature depen-
dent measurements at fixed field (see Fig. 1), we extract
the cossover to the low temperature coherence regime.
From field dependence measurements (Fig. 2), the lines
HM and Hm corresponding to the first order metamag-
netic transition and the middle of the crossover, respec-
tively. In addition the width of the crossover is shown in
Fig. 4. Let us notice that, despite the complex T depen-
dence of S(T ) at fixed field, crossover lines can also be
drawn from the T dependences with, of course, slight dif-
ferences from those determined from the field dependence
of S(H). However, the first order line coincides perfectly
for the two determinations. The crossover regime col-
lapses on approaching the CEP (H⋆M , T
⋆
M ). The entrance
in a coherent regime appears at low temperatures and a
simple Fermi-liquid state (constant S/T (T ) [21]) occurs
only for H > HM . Above 1 K, the phase diagram is in
good agreement with those previously drawn form mag-
netization, NMR, and Hall effect measurements [33–35].
Below T ∼ 1 K, a change of the sign in ∂(TM )/∂H is
due to the increase of the hysteresis of the first order
transition.
The interest of TEP measurements is to probe the evo-
lution of the topology of the Fermi surface, and the en-
hancement of the effective mass of the different types of
carriers, electrons and holes. It is a rather difficult analy-
sis in this multiband system. At first glance, it is usual to
compare at very low temperature TEP and specific heat
experiments. In a crude one-band model with a spherical
Fermi surface, the TEP is directly linked to the entropy
Se per charge carrier while the specific heat gives the
entropy per mole. The ratio of both quantities defines
the q-factor (q = SNAe/(γT ) where NA is Avogradro’s
4FIG. 4. (Color online) (T,H) phase diagram drawn for J ‖ a
(black points) and J ‖ c (blue points) configurations; the
observed critical field is slightly sample dependent. Open
circles and open Squares are the cross-over field Hm. The
grey dashed line and triangles indicate the crossover and the
blue dotted marks the entrance in a coherent low temperature
regime. A simple Fermi liquid response (S/T (T ) = const) is
observed only for H > H⋆M (0) below Tcoh.
number and −e < 0 is the electronic charge) which is
inversely proportional to the number of heat carriers per
formula unit [36]. Taking the γ value below and above
HM , for H < HM the q-factor is qa = 0.12 and qc = 0.36
for J ‖ a and J ‖ c, respectively. Above HM qa jumps
to 0.57 and qc seems to change its sign becoming −3.32.
These results suggest an important change through the
metamagnetic transition and point out the irrelevance of
a one-band description in this complex system.
In order to improve previous full potential (FLAPW)
band structure calculation [15], we have performed a
more precise calculation by using 592 sampling k-points
in the irreducible Brillouin Zone in the PM phase for this
moderated heavy fermion compound. UCoAl is a com-
pensated metal where the number of hole carriers, near
0.05 holes per UCoAl formula, comes from the 78 hole
band and the electron carriers are distributed among the
electron bands 79 and 80. Although the LDA calculation
cannot treat completely the electronic correlations, it will
give a good estimation of the relative mass enhancement
between hole and electron quasiparticles. The density of
states (DOS) of holes band is 260 states/Ry/(primitive
cell) corresponding to 15 mJmol−1K−2, while the DOS
of the electron bands is 122 states/Ry/(primitive cell)
corresponding to 7 mJmol−1K−2, showing nearly twice
heavier hole band than electron band.
In a two band model with spherical Fermi surfaces
the contribution of each band will be weighted by their
respective electric conductivity (σ), i.e. S = (σhSh +
σe−Se−)/(σh + σe−) [37]. In a first approximation, we
assume the invariance of the Fermi surface through HM .
The hole carrier with an average effective massm⋆h ≈ 2m
⋆
e
will dominate the TEP response at low field in good
agreement with the observed positive sign of the TEP.
Entering in the FM domain through HM will lead to a
drastic decrease of m⋆h, while the carrier concentration
stays almost constant on crossing HM according to the
Hall effect [20, 35]. The opposite sign of the hole and
electron response in S/T leads to magnify the reduction
of the TEP on entering in the FM domain and thus to a
drop of S/T quite stronger than the drop of C/T . How-
ever, a quantitative description is difficult as electron and
hole Fermi surfaces are far to be spherical. Furthermore,
in the FM polarized phase with a rather large FM com-
ponent (0.3µB per U atom), the spin up and spin down
Fermi surfaces will differ.
In future, an issue will be to test the validity of the
Fermi surface invariance through HM via the direct ob-
servation of quantum oscillations or photoemission spec-
troscopy. Recently, the interplay between Fermi surface
topology and quantum singularities studied by TEP is
also under debate in other heavy fermion systems (see
e.g. the metamagnetic transition in CeRu2Si2 [38], the
antiferromagnetic quantum critical point in YbRh2Si2
[39], or the hidden order in URu2Si2 [40]).
In conclusion, TEP is a powerful probe to determine
the (T,H) phase diagram of UCoAl down to very low
temperature and far above the CEP at T ⋆M = 11 K
and H⋆M ∼ 1.0 T. The metamagnetic transition is di-
rectly linked to the itinerant character of the quasiparti-
cles. The comparison with Hall effect measurements be-
low HM indicates that UCoAl is a multiband compound
with a heavy hole band and a light electron band, in good
agreement with band structure calculations. The main
drop in the effective mass at the metamagnetic transition
occurs in the hole channel. A singular point is that due to
its quasi-kagome´ crystal structure with lack of inversion
symmetry, the low field PM phase does not show Fermi-
liquid properties even down to 150 mK. The present data
on the TEP in UCoAl with a rather simple Fermi surface
may allow quantitative theoretical developments. It can
serve as a reference for the recent TEP measurements
made in strongly correlated electron systems. A clear
route is now to realize measurements through the QCEP
by tuning pressure and magnetic field.
We thank K. Behnia for many useful discussions. We
acknowledge the financial support of the French ANR
(within the programs PRINCESS, SINUS, CORMAT),
the ERC starting grant (NewHeavyFermion), and the
Universite´ Grenoble-1 within the Pole SMINGUE.
∗ alexandra.palaciomorales@cea.fr
[1] J. Flouquet, “Progress in low temperature physics,
vol. 15,” (Elsevier, Amsterdam, 2005) Chap. 2, p. 139.
5[2] H. v. Lo¨hneysen, A. Rosch, M. Votja, and P. Wo¨lfle,
Rev. Mod. Phys. 79, 1015 (2007).
[3] Q. Si and F. Steglich, Science (New York, N.Y.) 329,
1161 (2010).
[4] G. R. Stewart, Rev. Mod. Phys. 78, 743 (2006).
[5] D. Belitz, T. R. Kirkpatrick, and T. Vojta, Phys. Rev.
Lett. 82, 4707 (1999).
[6] D. Belitz, T. R. Kirkpatrick, and J. Rollbu¨hler, Phys.
Rev. Lett. 94, 247205 (2005).
[7] V. Taufour, D. Aoki, G. Knebel, and J. Flouquet, Phys.
Rev. Lett. 105, 217201 (2010).
[8] H. Kotegawa, V. Taufour, D. Aoki, G. Knebel, and
J. Flouquet, J. Phys. Soc. Jpn. 80, 083703 (2011).
[9] C. Pfleiderer and A. D. Huxley, Phys. Rev. Lett. 89,
147005 (2002).
[10] D. Aoki, T. Combier, V. Taufour, T. D. Matsuda,
G. Knebel, H. Kotegawa, and J. Flouquet, J. Phys. Soc.
Jpn. 80, 094711 (2011).
[11] A. Andreev, R. Levitin, Y. Popov, and R. Yumaguzhin,
Sov. Phys. Solid State 27, 1145 (1985).
[12] O. Eriksson, B. Johansson, and M. S. S. Brooks, J. Phys.:
Condens. Matter 1, 4005 (1989).
[13] M. Kucera, J. Kunes, A. Kolomiets, M. Divis, A. V. An-
dreev, V. Sechovsky´, J.-P. Kappler, and A. Rogalev,
Phys. Rev. B 66, 144405 (2002).
[14] P. Javorsky´, V. Sechovsky´, J. Schweizer, F. Bourdarot,
E. Lelie`vre-Berna, A. Andreev, and Y. Shiokawa, Phys.
Rev. B 63, 064423 (2001).
[15] K. Betsuyaku and H. Harima, Physica B 281–282, 778
(2000).
[16] Y. Iwamoto, U. Ueda, T. Kohara, A. Andreev, L. Havela,
and V. Sechovsky, J. Magn. Magn. Mater. 234, 207
(2001).
[17] V. Sechovsky´ and L. Havela, in
Handbook of Magnetic Materials , Vol. 11, edited by
K. Buschow (Elsevier Science B. V., Amsterdam, 1998)
Chap. 1, pp. 1–289.
[18] Y. Ishikawa, K. Tajima, D. Bloch, and M. Roth, Solid
State Commun. 19, 525 (1976).
[19] S. M. Stishov and A. E. Petrova, Physics-Uspekhi 54,
1117 (2011).
[20] T. D. Matsuda, H. Sugawara, Y. Aoki, H. Sato, A. V.
Andreev, Y. Shiokawa, V. Sechovsky, and L. Havela,
Phys. Rev. B 62, 13852 (2000).
[21] V. Zlatic´, R. Monnier, J. K. Freericks, and K. W. Becker,
Phys. Rev. B 76, 085122 (2007).
[22] A. V. Kolomiets, L. Havela, V. Sechovsky, L. E. Delong,
D. B. Watkins, and A. V. Andreev, Physica B 261, 415
(1999).
[23] N. Doiron-Leyraud, I. R. Walker, L. Taillefer, M. J.
Steiner, S. R. Julian, and G. G. Lonzarich, Nature 425,
595 (2003).
[24] P. Pedrazzini, D. Jaccard, G. Lapertot, J. Flouquet,
Y. Inada, H. Kohara, and Y. Onuki, J. Phys.: Condens.
Matter 378-380, 165 (2006).
[25] K. Sengupta, M. K. Forthaus, H. Kubo, K. Katoh,
K. Umeo, T. Takabatake, and M. M. Abd-Elmeguid,
Phys. Rev. B 81, 125129 (2010).
[26] Onose, Y., Li, Lu, Petrovic, C., and Ong, N. P., EPL
79, 17006 (2007).
[27] M. Lee, Y. Onose, Y. Tokura, and N. P. Ong, Phys. Rev.
B 75, 172403 (2007).
[28] S. Onoda, N. Sugimoto, and N. Nagaosa, Phys. Rev. B
77, 165103 (2008).
[29] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N. P. Ong, Rev. Mod. Phys. 82, 1539 (2010).
[30] J. M. Luttinger and R. Karplus, Phys. Rev. 94, 782
(1954).
[31] M. Onoda and N. Nagaosa, J. Phys. Soc. Jpn. 71, 19
(2002).
[32] W. L. Lee, S. Watauchi, V. L. Miller, R. J. Cava, and
N. P. Ong, Phys. Rev. Lett. 93, 226601 (2004).
[33] H. Nohara, H. Kotegawa, H. Tou, T. D. Matsuda, E. Ya-
mamoto, Y. Haga, Z. Fisk, Y. O¯nuki, D. Aoki, and
J. Flouquet, J. Phys. Soc. Jpn. 80, 093707 (2011).
[34] K. Karube, T. Hattori, S. Kitagawa, K. Ishida,
N. Kimura, and T. Komatsubara, Phys. Rev. B 86,
024428 (2012).
[35] T. Combier, “to be published,”.
[36] K. Behnia, D. Jaccard, and J. Flouquet, J. Phys.: Con-
dens. Matter 16, 5187 (2004).
[37] K. Miyake and H. Kohno, J. Phys. Soc. Jpn. 74, 254
(2005).
[38] H. Pfau, R. Daou, M. Brando, and F. Steglich, Phys.
Rev. B 85, 035127 (2012).
[39] S. Hartmann, N. Oeschler, C. Krellner, C. Geibel,
S. Paschen, and F. Steglich, Phys. Rev. Lett. 104,
096401 (2010).
[40] A. Pourret, A. Palacio-Morales, S. Kramer, L. Malone,
M. Nardone, D. Aoki, G. Knebel, and J. Flouquet,
(2013), arXiv:1301.1462.
